It has recently been suggested that sterility or inviability in species hybrids might result from the movement of transposable elements. Because such movement is often detectable by an increased mutation rate, I studied the effect of interspecific hybridization in the Drosophila melanogaster group on the mutation rate of X-linked visibles. This rate did not differ between hybrids and intraspecific controls. This was also true for the germ-line exciision rate of a transposable element, although the rate of somatic excision was two to sixfold higher in hybrids than in pure species. Combined with previous work, these results do not support a role for transposable elements in speciation.
INTRODUCTION
The discovery of a new genetic phenomenon is often followed by the proposal that it may solve a long-standing evolutionary problem. One example is the recent suggestion that transposable elements may cause speciation.
Present in many species (Shapiro, 1983) , these elements are usually stationary but in some cases show bursts of excision and transposition. In Drosophila melanogaster, massive transposition occurs when males containing complete elements of the P or I families are crossed to females from strains lacking them. Offspring of such a cross show a syndrome of abnormalities collectively called hybrid dysgenesis, which includes temperature-sensitive gonadal atrophy or egg lethality, male recombination (usually absent in Drosophila), and elevated rates of chromosome breakage and germ-line mutation (Picard, 1976 ; Kidwell et al., 1977) . These phenomena are almost certainly related to the movement of transposons, although it is not yet clear how such movement causes sterility and gonadal atrophy. Some interspecific hybrids show anomalies similar to those seen in hybrid dysgenesis. Gonadal atrophy and/or sterility is a common form of postzygotic isolation among species, frequently the only anomaly observed in hybrids. Some Drosophila hybrids show elevated rates of mutation and chromosome breakage (Sturtevant, 1939;  Naveira and Fontdevila, 1985 and references therein), and novel electrophoretic alleles have been reported in hybrid zones (Gould and Woodruff, 1978; Sage and Selander, 1979) .
The parallels between dysgenic hybrids in D. melanogaster and species hybrids have led to the suggestion that speciation might be caused by high rates of transposition. First proposed by Engels and Preston (1979) and Kidwell and Novy (1979), this idea was reviewed by Rose and Doolittle (1979) and also discussed by Martin et a!. (1983) , Bregliano and Kidwell (1983) , Kidwell (1983) , Bingham et a!. (1982) , and Ginzburg et a!. (1984) . Bregliano and Kidwell (1983, p. 403 ) explain the hypothesis: "A second way that hybrid dysgenesis determinants may have implications for evolution is by acting as postmating reproductive isolating mechanisms. Crosses between long-established laboratory strains and natural population strains tend to produce hybrids with lower relative fitness than the parental strains. Such hybrids may be similar to those produced in nature when population boundaries meet again after a period of geo-graphical isolation. Studies with hybrid dysgenesis suggest that populations may evolve rapidly as carriers of transposable elements, and these may act, separately or in conjunction with other isolating mechanisms, to promote reproductive isolation and eventual speciation. . . . It is interesting to note that there are many examples of intersubspecific and interspecific crosses in the genus Drosophila that have parallels with hybrid dysgenic crosses (see Kidwell, 1983 for a review)". Ginzburg et a!.
(1984), who mathematically model transposoninduced speciation, speculate that (p. 339) "Transposable elements may be the central biological agents controlling much of the evolutionary process in sexually reproducing organisms, including the generation of mutational diversity and reproductively isolated lines of descent involved in speciation. . . our view of the process of speciation predicts that closely related species should carry transposon families that distinguish them and that such families should be causally related to the partial or full sterility in hybrids between the two species".
The first prediction is correct: closely related Drosophila species sometimes have different families of elements (Martin et a!., 1983; Brookfield et a!., 1984) . It is much more difficult, however, to demonstrate that their movement causes hybrid inviability or sterility, as this is not known for certain even in hybrid dysgenesis within D. melanogaster. If transposable elements do, however, move pervasively in hybrids, this should be detectable by increases in the rates of mutation and chromosome breakage. Naveira and Fontdevila (1985) did observe high rates of chromosome breakage in D. buzzatii/ D. serido hybrids; but studies of mutation rates have given mixed results, with reports of both elevated rates (Sturtevant, 1939; Miller, 1950) and normal rates (Otis, 1947; Hey, 1988) in species hybrids.
Here I investigate mutation rates in hybrids among four closely related species of Drosophila. All hybridizations among these species produce some sterile or inviable offspring, offering the possibility of transposon-induced reproductive isolation. I measured not only the rate of X-linked visible mutations arising in the germ line of hybrid females, but also the rate of movement in hybrids ofatransposon known to excise at high frequencies within one species. Increased mutation rates in hybrids may reflect not only the movement of such transposons, but also any genetic divergence between species in the mechanisms that repair genetic material. Sturtevant (1939) (Tsacas and David, 1979; Tsacas and Bächli, 1981 females can be readily backcrossed to either parental species, yielding fertile females and semisterile males. When crossed to D. melanogaster, however, these three species produce unisexual progeny that are always sterile.
X-Iinked mutation rate
In a study similar to that of Sturtevant (1939) , 1 compared anomalies in the progeny of hybrid females with those in progeny from a pure species.
Hybrid females were produced by crossing D.
simulans females from an isofemale strain (Florida City, Florida; see below) to males from an isofemale line of D. mauritiana (National Drosophila Species Resource Center, Bowling Green State University, Bowling Green, Ohio). These hybrid females were then backcrossed to male D. simulans containing the X-linked mutations yellow (y, 1-0), white (w, 1-4.1), and forked (f, 1-56.0). Any X-linked mutations arising in hybrid females will appear in their male offspring, while mutations at y, w, or f will also appear in females (Green (1977) reported that hybrid dysgenesis in D. melanogaster raises mutation rates at the yellow locus). As a control, females from the Florida City strain of D. simulans were crossed to D. simulans y, w, f males.
Flies were lightly etherized and examined for abnormalities in eye colours and textures, body colours, wing veination, and major bristle patterns (scutellar and dorsocentral). Eye and wing anomalies were scored as putative mutations if they occurred on both sides of the body, while single missing bristles (very rarely found) were not counted as mutations. These traits encompass most of the X-linked morphological mutations described by Lindsley and Grell (1967) in the original isofemale strains. This is not a serious problem when one looks for mutation rates as high as those produced by hybrid dysgenesis in D. melanogaster. Hey (1988) estimates dysgenic mutation rates to all X-linked visibles between 043 X 10-2 and 2 x 102, while Green (1977) reports rates between 05 x 1O and 1 x at four X-linked loci. As shown below, the rates in both hybrids and controls (around iO for all X-linked visibles) were much lower than this and nearly equal to each other. These rather low observed rates also imply that our detected variants were indeed new mutations rather than variants originally present in the isofemale lines, although this conclusion is weak because we do not know the magnitude of selection on such variants or the amount of inbreeding in the lines during laboratory culture. A more rigorous test would involve accumulating mutations on extracted chromosomes, but this is presently impossible because the genetic tools for extraction do not exist in D.
simulans, D. mauritiana, or D. sechellia.
White-peach mutation rate The transposable element mariner was discovered by its insertion into the white locus of D.
mauritiana, producing a yellowish eye-color muta.
tion known as white-peach (w"). Hartl and his colleagues have isolated, sequenced, and characterized this transposon (see summary in Hard, 1989) . Mariner occurs in 20-30 copies in D.
mauritiana, 2 copies in D. simulans, and 1 or 2 copies in D. sechellia, and is also found in other species of the D. melanogaster group. It has not, however, been found in D. melanogaster (Harti, 1989) .
Unlike most transposons, mariner has a high rate of both germ-line and somatic excision within strains. Germ-line movement, detected by the production of offspring with wild-type or white eyes by white-peach parents, occurs at a rate of 1 x 104-4x iO4 per gamete per generation, with the rate about twice as high in males as in females. Somatic excision, detected as spots of wild-type pigment in a white-peach eye, occurs at a rate of about 4 x i0 in both sexes. Movement of mariner elements has been directly implicated in germ-line and somatic mutation (Hartl, 1989) . Haymer and Marsh (1986) Turelli (Inoue and Yamamoto, 1987 ).
Allele of white, producing pure white eyes. Derived from a stock collected in Tokyo, Japan by K. Saito (Inoue and Yamamoto, 1987 An isofemale line obtained from Dr Hugh Robertson.
All of these crosses were reared on cornmealmolasses-agar food at 24°C. The eyes of all progeny were inspected under a 20x dissecting microscope, which easily revealed a single red ommatidium in an otherwise white-peach eye. Germ-line mutations were revealed as complete color changes of both eyes from white-peach to white or red (no other colours were seen) while somatic mutations were scored as patches of red colouration-as small as a single ommatidium-in an otherwise white-peach eye. All putative germ-line mutations were genetically analyzed, although some interspecific male hybrids were sterile and could not be tested. Heritability experiments revealed whether genetic differences among individuals affected the probability of somatic variegation.
RESULTS

X-linked mutations
Of 27,063 males scored from the backcross of hybrid mauritiana/simulans females to simulans y, w, f males, ten had bilateral anomalies resembling mutations: four with an eye phenotype resembling lozenge-sparkling, two with roughened eyes, two with a yellowish-body colour darker than yellow but resembling yellow-2, one with short, thin bristles, and one with a distal fusion of two longitudinal wing veins. All of these males were sterile when crossed to D. simulans attached-X females.
The maximum possible frequency of X-linked mutations in these hybrid females is thus 10/ 27,063 or 37)< iO.
The control cross of simulans Florida City females to simulans y, w, f males also produced ten anomalous males. Two had the lozengespa rking phenotype (one proved to be lz°" and the other a non-genetic phenocopy), one had purple eyes that proved to be the X-linked mutation ruby, two had truncated wings (both of which were new X-linked mutations), one had "singed"-like dorsocentral bristles (a nongenetic phenocopy), one had net wings (an autosomal mutation), one had the X-linked yellow-2 mutation, one had a new X-linked mutation producing scalloped wings, and had the X-linked mutation garnet. Although three of these individuals did not carry X-linked mutations, the appropriate comparison with the inter- Two mutants were found among 31,038 interspecific backcross females scored for the three X-linked tester loci. One had the yellow-2 body-colour phenotype, and the other white eyes. Both proved to be genetic mutations that were stable in pure culture (no revertants seen among 10,985 white flies and 10,253 yellow flies).
Among 24,175 females in the intraspecific control, we found one female with the yellow-2 phenotype, who died before producing offspring. Combining the mutations in females with those in males, the observed mutation rate at yellow is 3/58,101 or 52x i0 for the interspecific cross and 2/47,061 or 42 x i0 in the intraspecific control. These rates are not statistically different (G1 = 005, P> 0.75). There is obviously no difference between experimental and control in the mutation rate at the white locus, for only one mutation was seen.
There is no obvious increase in the mutation rate to X-linked visibles in the germ line of species hybrids when compared to pure species. (00007) 1 (00002) (0107) 144 (0046) 193 ( 
5(00016)
White-peach mutations Table 1 gives the frequencies of somatic and germline mutations at white-peach in hybrids and controls. Although some backcross males with a putative germ-line mutation were sterile and could not be tested, all putative mutants that were fertile in both control and experimental crosses were indeed germ-line mutations. We therefore assume that the sterile revertants were also germ-line mutations. The rates of germ-line mutation are low in both sets of crosses. The total rate for all intraspecific crosses (25,209 individuals examined) is 7l x iO mutations/ w" allele. This is close to the range of 1 x i04 to 4 x i04 reported by Harti (1989) , and there is no statistical heterogeneity among crosses.
The rate of germ line mutation in interspecific crosses is 67 x 1 0 (15,000 individuals examined), also with no heterogeneity among crosses.
Obviously, the rates of inter-and intraspecific reversion do not differ when the sexes are considered separately or together (G, =003, P>08 for the latter comparison). Although the frequency of white-peach excision in the germ line is fairly high, it is no higher in interspecific than in intraspecific crosses.
The rates of somatic mutation, on the other hand, are higher in interspecific hybrids than in controls (table 1). There is large variation in the frequency of eye variegation among intraspecific crosses as well as among interspecific crosses, with frequency of variegation per allele ranging from 0002 to 0065 in the former set and from 0033 to 0243 in the latter. This heterogeneity is statistically significant when the sexes are tested separately in both sets of crosses (P < i0 in all four G tests). Nevertheless, the rates of variegation are clearly higher among interspecific crosses: all six of the highest variegation rates were seen in hybrids.
The heterogeneity of values within each set of crosses makes statistical comparison of intraversus interspecific crosses difficult, particularly because the highest interspecific rates occur in those hybridizations yielding the fewest progeny, when the white-peach allele is introduced through the D. mauritiana mother (these crosses are very difficult). A conservative nonparametric test on the unweighted rates of somatic variegation seems most appropriate, and shows that these rates are significantly higher in inter-than in intraspecific crosses for both males (Mann--Whitney U' = 28, Zcorr237, two-tailed P=0.02) and females (Mann-Whitney U' 26, Zcørr = -2•27, 0•02 <P < 005). (The data from all hybridizations were used because somatic variegation occured in a hybrid genome). This weak test masks the large difference in average rate between intra-and interspecific crosses, the former being 0013 reversions/allele in males and 0016 in females (three or four times the values reported by Hartl (1989) for D. Haymer and Marsh (1986) , who found a higher rate of germ-line but not somatic transposition in species crosses.
Several other points are worth noting. First, the rate of somatic variegation offspring is higher in male than in female in all seven crosses in which both sexes could be scored (sign test: P = 0.016),
although Haymer and Marsh (1986) report no difference between the sexes. Second, in both pairs of reciprocal crosses permitting measurement of somatic variegation (crosses 1 vs. 2 and 13 vs. 14 in table 1), the rates are significantly higher when the white-peach allele is introduced through the mother (P<104 for each of the three possible comparisons among the sexes). Because Hartl (1989) reports that somatic variegation rates do not differ between reciprocal crosses, this phenomenon deserves further investigation, particularly because the highest rate occurs when the transposable element is introduced through females. This is the opposite of what is observed for I-R and P-M hybrid dysgenesis in D.
melanogaster (Bregliano and Kidwell, 1983) . Two sets of interspecific crosses investigated the heritability of somatic variegation. sechellia (crosses 9 and 11 in table 1) were backcrossed to w males, and the frequency of variegation measured among white-peach progeny. In four of the five comparisons between individuals of the same sex from variegated versus nonvariegated mothers (table 2), the offspring of variegated mothers had significantly higher frequencies of variegation. (In the other comparison, the probability bordered on significance under a one-tailed test.) Some heritable factors apparently increase the probability of variegation. Because the species origin of the cytoplasm was identical within each comparison, the difference is probably caused by segregating nuclear genes. Bryan et a!. (1987) report a dominantly-acting autosomal factor in D. mauritiana causing somatic variegation in all of its carriers; and Medhora et a!. (1988) show that this factor, called Mos, is almost certainly a copy of mariner. Our results do not show this all-or-none inheritance, but only frequency differences of a few per cent. Hartl (1989) , however, reports that normal somatic variegation within D. mauritiana is not heritable.
Finally, a backcross between simulans/ mauritiana hybrid females and D. simulans males (data not presented) showed no association of somatic variegation with female sterility, so excision in the soma has no apparent effect on the germ line. DISCUSSION I find no evidence for elevated mutation rates in the germ line of interspecific hybrids. The observed rate for X-linked visibles in hybrids, 37 x iO, probably overestimates the true rate because some of the morphological anomalies in hybrid males may have been either phenocopies or segregants in the original strains. The 95 per cent upper confidence limit for this rate is 57 x i0, almost an order of magnitude lower than the lowest mutation rate of X-linked visibles seen in hybriddysgenic crosses within D. melanogaster (Hey, 1988) .
The rate of germ-line excision of the mariner element is also nearly identical in intra-and interspecific crosses. The 95 per cent confidence limits for this difference show that it is unlikely to be larger than 5 x iO4, so that a doubling or tripling of the rate in hybrids-as seen for the rate of somatic mutations at wp''could easily have been detected.
The only mutation rate higher in hybrids than in pure species is that of somatic movement of mariner in the white-peach eye. In some interspecific crosses this rate is nearly 25 per cent per allele per generation, six times higher than that observed in any intraspecific cross and one of the highest rates observed for any transposable element. Based on the observations of significant heterogeneity of variegation rate among crosses within species, of high rates in interspecific crosses regardless of the direction of the cross, and of the heritability of somatic variegation, we suspect that this variegation is affected by nuclear genes differing among species. In addition, the significant differences among reciprocal crosses also imply an influence of the cytoplasm. The cause of this, like that of enhanced somatic variegation in hybrids, is a mystery. Nevertheless, somatic mutationsand changes in their rate-are probably unimportant in the evolution of animals.
Elevated rates of somatic variegation were seen in hybridizations among all pairs of species, and may be a general property of the mariner transposon. The fact that the highest rates occur in crosses with D. melanogaster, which contains no copies of mariner, suggests that the rate of somatic excision and transposition may be regulated by the number of copies in the genome. The other notable result is an apparent reciprocal-cross effect on somatic variegation, so that higher rates are seen when both transposon and cytoplasm are derived from the white-peach strain. This has not been described for any other transposon. With the exception of somatic variegation of white-peach, then, all attempts to show the mobilization of transposons in species crosses have been fruitless, and such movement is unlikely to cause hybrid sterility and inviability. The parallels between gonadal dysgenesis and P-M hybrid dysgenesis, as well as between hybrid sterility and I-R sterility, have led to searches for symptoms of hybrid dysgenesis in species crosses. Early reports of high frequencies of "mutations" in such crosses (Sturtevant, 1939; Miller, 1950) have, however, been unrepeatable (Otis, 1947; Hey, 1989) . Studies of other dysgenic characters such as male recombination and temperature-sensitive gonadal atrophy have also given negative results (Coyne 1985 (Coyne , 1986 . Reports of novel alleles in hybrid zones (Gould and Woodruff, 1978; Sage and Selander, 1979) do not necessarily indicate high rates of transposition, for the alleles may result from intragenic recombination. Indeed, the insertion of transposons seems more likely to affect the quantity than the electrophoretic mobility of an enzyme. The strongest evidence for enhanced transposition in any species cross is the high rate of chromosome breakage in D. buzzattii/D. serido hybrids (Naviera and Fontdevila, 1985) , a study that should be extended to other species. There is, on the other hand, evidence that transposons are not responsible for postzygotic isolation in nature. The known forms of hybrid dysgenesis in D. melanogaster cause sterility in both sexes or in females alone, but in Drosophila the first step in the evolution of postzygotic isolation is its appearance in males (Coyne and Orr, 1989a, b) . Sterility in Drosophila hybrids maps repeatedly to specific locations on the X chromosome Charlesworth, 1986, 1988) . This is expected if sterility results from evolution of localized genes, but not if from the movement of transposons. Finally, the sterility and gonadal dysgenesis caused by hybrid dysgenesis is dependent on age or rearing temperature, phenomena which have not been reported in species hybrids (Coyne, 1985) .
Although transposons do differ in both number and kind among species, the idea that they cause speciation will not be credible until they can be shown to move at high rates in species hybrids, and that this movement is directly responsible for hybrid sterility. The evidence is against this possibility.
